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MagneticDipolemoment:Definition

Magnetic:~µs=g(
e

2m)~s

Forspin
1
2particles,

µ=(1+a)
eh̄
2mwherea=(

g−2
2)

µe=(1+0.001159652193)
eh̄
2me

(4ppb)

µµ=(1+0.001165165923)
eh̄

2mµ
(500ppb)

-
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TheoryforMuon(g−2)
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aµ(HAD;1)=Lowestorder

hadroniccontributions

�� �� �� ��
�� �� �� ��

µ
h γ

γ

Determinedfromexperimentaldata(lowqloops)and/or

QCD(highqloops),usingR(s)=
σ(e+e−→hadrons)
σ(e+e−→µ+µ−)and:

aµ(had;1)=(
αmµ

3π)2
∫

∞
4m2

π

ds
s2K(s)R(s)

aµ(ee)=694.4(7.2)×10−10

aµ(τ)=711.0(5.8)×10−10

∆=16.6(9.2)×10−10(1.8s.d.)

∆B(τ−→ντπ−π0)(2.9s.d.)
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(provided by Juliet Lee−Franzini)
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HadronicLight-on-light

Signchange

Old:−8.5(2.5)×10−10

New:+8.6(3.0)×10−10
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γγγ

µµ

h

γ

Avgof:Hayakawa,KinoshitaPRD57(1998)465;Bijnens,Pallante,
Prades,NPB474(1996)379.

Signcorrectionfrom:Knecht,Nyffeler,PRD65,073034(2002).

Confirmed:Hayakawa,Kinoshita,hep-ph/0112102;Bijnens,
Pallante,Prades,NPB626,410(2002).

NewEvaluation:Melnikov,Vainshtein,hep-ph/0312226

Matchshort-andlong-rangebehavior:13.6(2.5)×10−10

AdoptedbyDavierandMarciano:12.0(4.0)×10−10
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StandardModelValueforaµ[1]

aµ(QED)=11658472.07(0.11)×10−10

aµ(HAD;1)=694.4(7.2)×10−10(e+e−)

aµ(HAD;1)=711.0(5.8)×10−10(τ)

aµ(HAD;>1)=−9.8(0.1)×10−10(noLBL)

aµ(HAD;LBL)=12.0(3.5)×10−10

aµ(EW)=15.4(.2)×10−10

→11659182.9(7.3)×10−10(0.7ppm)e+e−

→11659200.4(6.8)×10−10(0.6ppm)τ

[1]M.Davier,W.Marciano,Ann.RevNucl.andPart.Phys.(2004)
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FutureOutlookforTheory

Now:0.7ppmFewyears:0.35ppmBeyond:??

Novosibirsk(CMD2;Vepp2000andCMD3)

•Moree+e−databeinganalyzedoverwiderErange

•VEPP-2000andCMD3upgrades-betterlowEdata
andextendupto2.0GeVin5-8years

ISRatKLOE:DaΦne,e+e−uptoφresonance

•Abouttopublish,fairlygoodagreementwithshape,
magnitudeofNovosibirskdata

•Moredatatoanalyzelater

ISRatBaBar,CLEO,Belle:e+e−tohigherenergies

Light-by-light:Latticegaugeeffortsbytwogroups

τDiscrepancy:Understudybyseveralgroups
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Searchfor“NEW”Physics

aµ:sensitivetoallvirtualparticlescouplingtomuon

∆aNEW
µ=a

exp
µ−a

theory
µ

•Supersymmetry

ν

µ µ

γ

χχ −−

∼

µ∼ µ∼
µ µ

χ0

γ

+

∆aSUSY
µ≈140×10−11·(100GeV

m̃)2tan(β)

•MuonSubstructure:

∆aλ
µ≈(

mµ

Λ)2

•SensitivitytoNewParticles:

∆aΛ
µ≈(

mµ

mnp
)2(x40000morethanelectron)
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BNLE821-ANewPrecisionMeasurementof

Muon(g−2)

→FinalresultspublishedSpring2004←

BostonUniversity
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UniversityofHeidelberg

UniversityofIllinois
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YaleUniversity

BostonUniversityJamesMiller-FutureMuonMagneticMomentAnomalyMeasurements11



Storage
Ring

ωa= eB

(exaggerated ~20x)

mc µ a

spin

momentum

Withhomogeneous~B,allmuonsprecessatsamerate

Homogeneity→needlessdetailedknowledgeoforbits

UseQuadrupoleelectricfieldforfocusing
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Withhomogeneous~B,usequadrupole~Etofocusand

storebeam

SpinPrecessionwith~Band~E

~ωa=−
e

mc
[aµ~B−(aµ−

1

γ2−1
)~β×~E]

“Magic”γ=
√

1+a
a
∼=29.3→Minimizesthe~β×~Eterm

•γ∼=29.3→pµ
∼=3.09GeV/c

•B∼=1.45T→Storageringradius∼=7.112m

•Tc
∼=149.2nsTa

∼=4.365µs

•γτ∼=64.4µs

(Rangeofstoredmomenta:∼=±0.3%)

BostonUniversityJamesMiller-FutureMuonMagneticMomentAnomalyMeasurements13



BostonUniversityJamesMiller-FutureMuonMagneticMomentAnomalyMeasurements14



An array of 17
NMR probes on the 

trolley maps the 
B Field in the 
storage region

pole piece

pole
bump

wedge

current sheet

g−2 Magnet in Cross Section

dipole correction coil

beam
region

fixed

probes
NMR

YOKE

inner coil

inner coil

programmable 

thermal  
insulation

   = 7112 mm ρ

outer
coils
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DeterminationofAverageB-field(ωp)overMuon

Ensemble

Goal:GettheaverageprecessionfrequencyoftheNMR

protonsinthesameaverageB-fieldseenbystoredmuons.

MappingofB-field

•CompleteB-Fieldmapofstorageregion(invacuum!)

every3-4days

Beamtrolleywith17NMRprobes

•ContinuousmonitorofB-fieldwith≈150fixedprobes

•TwolargelyindependentanalysesoftheB-fielddata,

agreewell
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muon momentum

muon spin

e

Sci−Fi Calorimeter
module

p

spin backward, less
high energy e

high energy e
spin forward, more

Measures Energy
and time

digitizer
400 MHz
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Logplotof2001

data,E>2GeV

100µssegments

Statisticalerror:

≈0.66ppm
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5-parameterfunction

N(t)=N0e−λt[1+Asin(ωat+φ)]
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+
µ CERN 10.3

-
µ CERN 9.4

+
µ BNL97 12.9

+
µ BNL98 5.1

+
µ BNL99 1.3

+
µ BNL00 0.7

-
µ BNL01 0.7

8
 10 × µ a

116590116591116592116593116594
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ExperimentTheory

∆aµ(ee)=(23.9±9.9)×10−102.7s.d.

∆aµ(τ)=(7.6±8.9)×10−100.9s.d.
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Errorsvs.Time

B-field(ωp)Spin(ωa)TotalTotalTotal
YearSystematicSystematicσsystσstatσ

(ppm)(ppm)(ppm)(ppm)(ppm)
19990.40.30.51.31.4
20000.240.310.390.620.7
20010.170.210.270.660.7

0.460.5

BostonUniversityJamesMiller-FutureMuonMagneticMomentAnomalyMeasurements22



PlansforanUpgradedg-2ExperimentatBNL

Current:
δaµ

aµ
=0.5ppm

•Systematicuncertainty(2001dataset):0.27ppm

(0.17ppmB-field,0.21ppmprecessionfrequency)

•Statisticaluncertainty(1999,2000,2001datasets):0.46ppm

Goal:
δaµ

aµ
=0.20ppm

•Systematicuncertainty:0.14ppm

•Statisticaluncertainty:0.14ppm

Togetthisreductioninoveralluncertainty:

•reducesystematicerrorbyx2

•increasestatisticalsamplebyx9
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PlansforaNEWg-2ExperimentataFutureHigh-flux
Facility

Current:
δaµ

aµ
=0.5ppm

•Systematicuncertainty(2001dataset):0.27ppm

(0.17ppmB-field,0.21ppmprecessionfrequency)

•Statisticaluncertainty(1999,2000,2001datasets):0.42ppm

Goal:
δaµ

aµ
=0.05ppm

•Systematicuncertainty:0.04ppm

•Statisticaluncertainty:0.03ppm

Togetfactorof10reductioninoveralluncertainty:

•reducesystematicerrorbyx7

•increasestatisticalsamplebyx200
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RingDesign

•KeepBNLapproach,moveringtonewhighfluxfacil-

ity?

•Buildnewring?e.g.ideaofFarleyetal.togotolarge

momentum,useRFtocompressparticlesontosame

orbits-gainbecause
δω
ω∼

1
τ

Wewillassumethemagicgammaapproachfornow...
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StatisticsIncreaseNeededforx10ReductioninError

For0.05ppm(0.03stat.,0,04syst.)

x200totalBNLdataset

Somestraightforwardimprovements:

•Openinflectorendstoreducemultiplescattering,x2

•Moremagneticquadrupolesinbeamline,x2

•Backwardmuonbeamtoeliminate’flash’,x1(5.4GeV/c
µ)

Morecostlyand/ordifficultoptions

•Longerpion→muondecaybeamline+betterphase
spacematchingofbeamlinetoring,x2

•Redesigninflectorwithlargeraperture,>x2

•Lilens,x2

With4(easy)x8(harder)x10(protonintensity)x.3(8GeV),need50
weeksruntime

Pulsedbeam:highpulseratedesirable
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BeamRequirements

•Maximumfluxof3.1GeV/cmuonswith
∆p
p<.3%

•Verticalbeamdivergence<3mrad

•Horizontalbeamdivergence<5mrad

•Pulsedbeam(width<20ns)

•Highpulserepetitionrate,minimum1msbetweenpulses

–Reducespileupissuesindetectorsystem

–Reducesdemandsonprimarytarget

–(MaybedisadvantageincaseofhavingtopulseLilens)
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SystematicErrorsonB-field(<ωp>)

Source(ppm)
199920002001

NMRAbsoluteCalib.0.050.050.05
Calibrationoftrolleyprobes0.200.150.09
TrolleymeasurementsofB00.100.100.05
Fixedprobeinterpolation0.150.100.07

Uncertaintyinµ-distribution0.120.030.03

Others†0.150.100.10
InflectorFringeField0.20-

Totalsystematicerroronωp0.40.240.17

†Highermultipoles,trolleytemperatureandvoltageresponse,kicker

eddycurrents,time-varyingstrayfields.

2000improvements:NewInflectorwith5xlessfringefield,Better

trolleycalibration

2001improvements:refinedcalibrations,improvedtrolleyposition
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SystematicErrorson<ωp>:StandardNMRProbeCalib.

Now:0.05ppm

Goal:0.02ppm

•Sphericalprobe:correctionsmadeformaterialtonormalizeto

freeproton

LimitedbyuncertaintyindiamagneticsusceptibilityofH2O-im-

provemeasurement.

•Goto3Heprobe?

Lowsusceptibilityandhencelowerror;alsowidetemp.range
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SystematicErrorson<ωp>:TrolleyMeasurementsofB0

Now:0.10ppm

Goal:0.015ppm

•Improveknowledgeoftrolleyposition

•ImproveBhomogeneity→improveNMRprobeperformance,re-

ducedependenceontrolleyposition

•×2Smallerstorageapertureradiusorlargerextentfortrolley

Mapfullstorageregion

•Controltemperature,electronicsstabilitytogreaterdegree
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SystematicErrorson<ωp>:TrolleyProbeCalibrations

Now:0.05ppm

Goal:0.015ppm

•Duringcalibration:

ReducepositioningerrorontrolleyNMRprobes

•ReduceinhomogeneitiesofB-fieldincalib.region

•Givetrolleyprobesexactlysamegeometryasstandardprobe,place

inexactlysamefieldpositionforcalibration
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SystematicErrorson<ωp>:Fixedprobeinterpolation

Now:0.07ppm

Future:0.010ppm

•ReducedriftofB-fieldduetotemperaturechange

e.g.Improvestabilityofambienttemperature

•Increasenumberoffixedprobestoimprovesamplingofvolumeof

storageregion

Placeprobesclosertocenterofstorageregionandawayfrom

poletips,esp.poletipedges→betterlinearrelationtochange

inprobesandchangeinB.
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SystematicErrorson<ωp>:

Trolleytemperaturestability

•Improvecoolingandtemp.stabilityofelectronics

Kickereddycurrents

Currentlyerror<0.1ppmat20µs

•InstallFaradayeffectmonitorofeddiecurrents,measureandcor-

rect
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SystematicErrorson<ωp>:Uncertaintyinmuondistribution

Now:0.03ppm

Goal:0.01ppm

•Improvedtracebackandfibermonitorperformance

Reduce’flash’:eliminatepions(andprotonsifpossible)-longer

beamline,backwardmuons,ormuonaccumulator

•ImprovedBhomogeneityreducessensitivitytomuondistribution

uncertainty.

•Narrowerbunchtime(<10ns?)→betterfastrotationanalysis.

•Movablecollimatorstomapdistribution
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SummaryofB-fieldImprovements

•Improvestorageregionhomogeneity-passive+activeshimming

–ImprovesNMRperformance

–ReduceserrorinBduetomuondist.,uncertaintyinlosses,
calibrationerrorsintrolleyprobes

•Reducestandardprobecalibrationuncertainty

•Reduceuncertaintytrolleyposition

•Improvecoolingtemperaturestabilityoftrolleyprobes,electronics
(invacuum)

•Measurekickereddycurrentsandcorrect

•Increasenumberandimprovepositioningoffixedprobes

•Precessstoredprotons,electrons,heavyions→<B>

•Reducestorageregionradiusby×2(gapsame)

Reduceserrorsfrom:muondistuncertainty,fixedprobeinterpo-
lation,easiertoshimandmapreducedvolume

×4systerrorreductionquitedoable,×10possibilitywithextensive
study
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SystematicErrorsonPrecessionFrequency(<ωa>)

Source(ppm)
199920002001

Pile-Up0.130.130.08
AGSBackground0.100.010.01

LostMuons0.100.100.09
TimingShifts0.100.020.02

E-fieldandverticalβ-motion0.080.030.06
FittingMethod/Binning0.070.060.06

CoherentBetatronOscillation0.050.210.07
Beamdebunching0.040.040.04

DetectorGainChanges0.020.130.12

Totalsystematicerroronωa0.30.310.21

Newin2000

SweepermagnettoeliminateAGSbackground
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5-parameterfunction

N(t)=N0e−λt[1+Asin(ωat+φ)]

Smalldistortionsimportantforhighstatisticssample.

•Positronpulsesoverlappingintime(pile-up)

•Coherentbetatronoscillations

•Muonlosses

•Detectorgainstability
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ImproveControlofPileup

•Increasesegmentationindetector/PMT/WFD

Currently4elements/detectoraresummedbeforedigitization.

•Bettercontrolofgainsandpulseshapesofindividual

detectorelements(crucialtopileupmodeling)

•Usehodoscopeinfrontofdetectorstotagmultiple

particlesenteringcalorimeter

•Reducebeamrate,increasepulserepetitionrate,rate

xpulserate=fixed

•Histogramenergyversustimeindetectors-getridof

pileupcompletely(’Q’method)
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Futurerun:Planstoreduceσωa(CBO)

Currently:σa(CBO)=0.07ppm

Future:σa(CBO)=0.015ppm

•Choosen:CBOresonancefrequenciesfarfromfa

•ActiveRFtoreduceCBOamplitude.

•SextupoleEorBfieldtodampoutCBO

•Varybeamscrapingtime

•Increasethesizeofinflectoraperture

•ImproveorbitkicktoreduceCBOamplitude
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MuonLosses

•Minimizedby’scraping’beamatearlytimes,≈0−10µs

•Losses≈1%perτµat30µs,0.1%latetimes

•Lostmuonsmonitoredbyscintillatorelementsat11
detectorstations.

•DistortionofN(t)hasminimaleffectonvalueofωa

•Possibleproblem:Lostmuonscouldhavespinphase
whichdiffersfromaverage
Contributiontoσωa=0.10ppm

WaystoReduceError

•Increaseringcoverageofmuonlossmonitors

•Movableaperturesdistributedaroundringtoprobefor
increasedlosses

•Reducemuonlossrate-newscrapingtechniques

•Improvedsimulationoflosses
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DetectorGainStability

•Averagepositronenergyvs.time

Affectedbybackgroundlevels,rates,PMTgate-ontime,’island’

effect

Stable≈0.15%over10muonlifetimes.

•σωa(gain)=0.13ppm(1999),0.12ppm(2000),0.12ppm(2001)

Futureimprovements

•Eliminateorcalibrateout’island’effect

•Improvedmonitoringofgains-laser/LED

•Instrumentationofalldetectorchannels

•Reductionofthe’flash’associatedwithparticleinjection(use

longerbeamline,muonaccumulator,orbackward-decaymuons)

–GateonPMTsooner(gainsettlessooner),oreliminategate

–Reducebackground(longerbeamline,muonaccumulatoror

backwardmuons):calibrationfitsmorereliable
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Conclusions

•aµsensitivetothepresenceofnewparticlesbeyondthestandard

model,e.g.SUSYespeciallywithlargetan(β)

•discoverypotentialifthereisdisagreementwithSM

•constraintsonnewmodelsifthereisagreementwithSM

•ifLHCseesSUSYparticle,thenaµwillgivetanβ

Fromrecentpublisheddata

•a−
µ(expt)agreeswitha

+
µ(expt)(CPT)

•Experimentally,
σaµ

aµ
=0.5ppmisstatisticslimitedandapproaches

originalgoalof0.35ppm

•Combinedaµ±differs2.7s.d.(e+e−)or0.9s.d.(τ)frome+e−

theoryvalue
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Outlook

•Improvementsinerrorsofbothexpt.andtheoryarehighlydesir-

ableasatestoftheSM,andarequitefeasible.

•Newe+e−datacoming:VEPPupgradeto2GeV,radiativereturn

datafromDAPHNE,SLAC,Cornell...

•e+e−vs.τdiscrepancy,light-on-lightcalculations,continuetoget

alotofattentionfromtheorists

•AproposalhasrecentlybeenapprovedbyBNLPACforanother

datarun,atx5intensity,whichwouldenablebetterthanax2

reductioninuncertaintyandamoredefinitivecomparisonwith

theory.

Pleaseletusknowifyouareinterestedinjoiningtheeffort!
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Outlook(Continued)

Ag-2ExperimentataFutureHigh-fluxFacility

•Proposedmuonrunchallengingbutdo-able:

–x200moredata-quitefeasible

–x7improvementinsystematicuncertainty-x3-4alreadyinsight,

remainderrequiresdetailedstudiesanddevelopment(Movecur-

rentringorbuildnew?)

–Iftheoryisgoodenough,excellentphysicspotential.

Theoryhasimprovedbyx5inlast15years...anotherpossible

factoroftwoisinsight...inthefuture,whocantell?

•Sametypeofnewphysicsmayleadtonon-zeromuonEDM:ef-

fortsunderwaytodevelopanexperimenttomeasuremuon(and

deuteron)EDMusingthestorageringtechnique

BostonUniversityJamesMiller-FutureMuonMagneticMomentAnomalyMeasurements44



BeamRequirements

•Maximumfluxof3.1GeV/cmuonswith
∆p
p<.3%

muonsfromforwardpion(3.1GeV/c)decays,orfrombackward

pion(5.4GeV/c)decays

•Verticalbeamdivergence<3mrad

•Horizontalbeamdivergence<5mrad

•Pulsedbeam(width<20ns),highrepetitionrate,minimum1

msbetweenpulses

–Reducespileupissuesindetectorsystem

–Reducesdemandsonprimarytarget
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